Abstract-This paper shall present the design, simulation and implementation of a sensorless observer for three-phase permanent magnet synchronous machines which can be used for automotive steer-by-wire applications. The observer tracks steering transients enabling the sensorless speed/position estimates to be used for backup in case of encoder failure. The sensorless method is based on a high frequency injection approach which estimates speed/position from machine saliencies. The simulation/experimental test scenarios were designed so as to emulate actual steering conditions studied as part of this research project.
INTRODUCTION
Research on by-wire technologies for automotive applications has revealed several advantages which such systems have over conventional directly linked systems. Such advantages include better fuel economy and reduced gas emissions in throttle-by-wire, less risk of skidding in brakeby-wire and reduced volume required for the steering arrangement in steer-by-wire [1] . The fundamental aim of bywire systems is to measure driver inputs through sensors and replicate them with electrical actuators [2] .
One of the most challenging by-wire systems to implement is steer-by-wire. In automotive applications, the system requires multiple sensors and actuators, besides being of a critical safety nature. For use in mass produced vehicles steer-by-wire systems must be fault tolerant and with a dynamic response comparable to that of traditional hydraulic/electric power steering arrangements [3] .
In this research, a MATLAB/Simulink model was developed for sensorless position control of a Permanent Magnet Synchronous Machine (PMSM) for steer-by-wire applications. In such applications, the shafts at both the handwheel/steered wheeled side rotate at low to zero speed. Model-based sensorless observers typically fail at these speeds since the distortions present in measurements is of the same order of magnitude as the back-emf which is used for the rotor position estimation. A high frequency (HF) injection based sensorless observer is proposed to overcome this drawback [4] . This paper improves upon the work in [5] by considering steering position references and load torques based on actual steering diagnostic data collected whilst driving a commercial vehicle. Experimental sensorless results are also presented for the experimental setup discussed in the companion paper also published in EDPE 2017 [6] .
II. STEER-BY-WIRE SYSTEM

A. Steer-by-Wire System Overview
The steer-by-wire system aims to eliminate several mechanical linkages within a traditional steering arrangement while still emulating the steering "feel" at the driver's end. A conventional steering's arrangement consists of various components: handwheel, column, shaft, rack and pinion, tie rods and steered wheels [2] . In steer-by-wire the direct mechanical coupling is eliminated and replaced with two electrical machines controlled by a suitable power converter with position/speed sensors such as encoders (Fig. 1) . The two electrical drives are required for providing torque feedback at the handwheel side to the driver (Machine M1) and replicating the position of the handwheel at the steered wheel side (Machine M2). Steer-by-wire system.
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B. Safety Requirements in Steer-by-Wire
The safety requirements for steer-by-wire applications were identified by Pimentel [9] . From these requirements, the failure modes were identified and noted to be critically dependent on the position measurement of the shafts, at both the handwheel and the steered wheel side of the steer-by-wire system.
To improve the safety and reliability of steer-by-wire systems, typically additional backup measurement mechanisms are introduced. The aim of this research is to use a sensorless position/speed estimation technique for verification of the sensor based position measurements at both sides of the steerby-wire system. The sensorless algorithms proposed do not require any additional hardware. The MATLAB/Simulink model presented in this paper shows the performance of the designed sensorless observer when tracking a position reference similar to that observed during actual steering on a commercial test vehicle.
On the road monitoring of a Kia Sportage 2014 was carried out to log its steering dynamics in order to determine a realistic automotive characteristic for this research. Details of the monitoring were given in the aforementioned companion paper. From the test data obtained during monitoring it was found that the maximum steering rate does not exceed 286 degrees/s on this vehicle. The Electrically Power Assisted Steering (EPAS) system fitted on the test vehicle was also found to limit the steering torque feedback to 2 Nm +/-10% at high steering rates or when there is a significantly large steering angle with respect to the center position.
III. SENSORED POSITION CONTROL
An automotive steer-by-wire by system requires two machines as shown in Fig. 1 . The handwheel side machine M1 shall be operated in current control mode while the steered wheel side machine M2 shall be operated be in position control mode. Rotor Flux Orientated Control was used for position/current control of the PMSMs. Cascaded control loops for position, speed and current were implemented as shown in companion paper.
The design of the current control loop for machine M1 providing torque feedback at the handwheel will be identical to the current loop part within the position controlled machine M2 at the steered wheel side. Parameters of the 12 V RMS 400 W, surface mounted PMSMs used in this research are listed in Table I . The cascaded closed-loop controller gains and bandwidths are shown in Table II . The current reference id* is set to 0 A as field weakening was not considered. 
IV. SENSORLESS POSITION CONTROL
A. Sensorless Position Control Overview
The use of model-based sensorless observers for PMSMs was reported extensively in literature [10] [11] [12] . The drawback of these algorithms is that they fail at low or zero speed conditions [4, 13, 14] . In steer-by-wire, current/position control at very low-speed is required, hence model-based observers are not suitable for this application. Non-model based algorithms are required which include those based on transient signal injection [15] , continuous signal injection [16] [17] [18] [19] and PWM methods [13, 20] . In this research, a saliency tracking method based on continuous injection was used. The saliency used for the rotor position estimation of PMSMs is a result of a difference in the synchronous stator inductances Ld and Lq. Surface-mounted PMSMs such as the ones as used for this research are typically considered to have low inherent saliency. The saliency is due to local saturation arising from interaction of the rotor magnets with the stator teeth [21] .
B. HF-based Injection Saliency Tracking
The HF injection on the PMSM presented in this paper is performed in the αβ stationary frame in the form of viαβ (1). The HF voltage components are added to the reference fundamental frequency stator voltages in the αβ stationary as shown in Fig. 2 . The injection of these components results in the HF components described in (2) . The sinusoid component with amplitude I1 is the direct component resulting from the injection while the component with amplitude I2 is the saliency modulated sideband dependent on the electrical rotor angle θr.
The three phase currents ia, ib and ic contain components of both the fundamental frequency and the injected HF. For the purposes of saliency tracking the fundamental current component is filtered out and the HF components described in (2) are used for sensorless tracking purposes. For an injection frequency ωi of 2 kHz, a fourth order band-pass filter with double poles at 1 kHz and 3.3 kHz respectively was designed and included in the model. The output of this filter is iiαβ. Fig. 3 shows the heterodyning approach [17] used on iiαβ to obtain the error term (5).
= I sin 2( − ) + I sin 2( − )
If the higher frequency term in (5) is filtered out by a low-pass filter or by a low closed-loop bandwidth, the error term can be reduced to (6).
= I sin 2( − )
For small differences between the actual and estimated electrical angles the error term is proportional to the difference of these signals. The phased-locked loop (PLL) shown in Fig. 3 can be used to obtain the speed and position estimates by reducing the error term (6) to zero. 
V. SIMULATION RESULTS
During monitoring of the steering angle under actual driving conditions it was observed that the maximum steering rate on a Kia Sportage 2014 did not exceed 286 degrees/s. In the steer-by-wire experiments presented in this paper a similar position reference was used with a transient 1.5 times faster. The position demand is obtained by multiple integrals of jerk pulses as shown in Fig. 5 , such that the resulting characteristic does not have an instantaneous initial transient as is the case with step/ramp demands. Fig. 4 shows the results of each integral producing acceleration, velocity and position. The position demand was used for the sensorless position controlled loop described in Sections III and IV. A constant load of 2 Nm (maximum torque observer from diagnostics) is applied after 0.75 s. The voltage injection amplitude used was of 5 % of the DC link.
Closed-loop sensorless operation is shown in Figs. 5-7 . The actual/estimated shaft position resulting from the demanded position reference is shown in Fig. 5 . The maximum error between the actual and estimated angles is 0.012 rad (0.68°) which is 0.8 % with respect to the actual angle. The actual/estimated shaft speeds are shown in Fig. 6 . The maximum error between the actual and estimated speeds is 0.4 rad/s (22°/s) which is 5 % with respect to the actual speed. The PMSM stator currents are shown in Fig. 7 . An increase in current is observed at 0.75 s as a load of 2 Nm is applied at the shaft of the modelled machine.
The results presented here are only concerned with the investigation of the sensorless control for the steered wheel side machine M2. Since the handwheel side machine M1 shall be operated only in current control mode, it was omitted from these simulations and is expected to behave similarly since it shares similar physical parameters and control loops as M2. 
VI. EXPERIMENTAL RESULTS
The preliminary experimental results for this research project shown in this section were obtained for the PMSM described in Table I . The machine was under no load conditions; such that the sensorless observer results would not be subject to phase variations associated with loading. A 2 kHz, injection frequency was used as was done in the simulation; however, the voltage injection amplitude had to be increased to 20 % of the DC Link voltage in order to obtain better sensorless estimates. This increase is required due to the non-ideal saliency found in the practical PMSM and tolerances in sensors which are not modelled for in the simulations.
A similar set of position demands were used on the experimental setup in both clockwise/anticlockwise directions. The estimates presented in this section are for sensorless open-loop conditions; that is the estimate is used for fault detection purposes only and not for closed-loop vector control. The actual/estimated shaft position and speed are shown in Fig. 8-9 respectively. The three phase stator currents are shown in Fig. 10 . The proposed sensorless estimator is capable of tracking the mechanical shaft position with a maximum error of 0.2 rad (11.5°), 14 % with respect to the actual angle. The estimated speed also tracks the actual shaft speed albeit being significantly noisier with a maximum error of 10 rad/s (572°/s), 50 % with respect to the actual speed. The noise can be reduced by decreasing the PLL estimator bandwidth however this will trade off the transient tracking capability of the observer. 
VII. CONCLUSIONS
In this paper the modelling, simulation and implementation of a sensorless algorithm for the steer-by-wire applications was presented. In Section II the failure of the position sensors was identified as being of a critical safety nature in steer-by-wire systems. Hence a sensorless algorithm was proposed as a backup mechanism for both validation of the main position measurement and for a complete sensorless operation changeover in case of sensor failure without a significant change in the steering dynamics.
The position references used were based on experimental monitoring from the OBD-II port of a Kia Sportage 2014 test vehicle. From the monitored steering dynamics, it was observed that the steering rate for such a vehicle does not exceed 286 degrees/s. A similar steering profile was used as with a faster transient of 1.5 times to compensate for any human error present in the experimental data collected and to represent a wider range of vehicles. The simulation results presented in this paper were for sensorless closed-loop position control conditions; whereby the angle/speed estimates were used for the actual control of the machine. A position error of 0.8 % and a speed error of 5 % were observed.
In the preliminary experimental results presented in Section VI it was shown that the proposed observer tracks both position and speed. The maximum mechanical shaft position error is of 14% with respect to actual angle which is sufficient for fault detection purposes on the encoder. However, the magnitude of the error in the mechanical angle will deteriorate significantly when used in the electrical domain due to the multiple pole pairs on the machine. The resultant electrical estimated angle is not suitable for closed-loop current vector control as improper synchronous frame orientation could occur. The differences between simulation and experimental results are due to non-ideal occurrences in the PMSM drive which deteriorate the performance of the observer. These include inverter switching transients and machine geometrical asymmetries which are documented in literature [22, 23] .
Currently further experimental work is being carried out on the enhancement of the proposed sensorless observer such that it can be used for both fault detection and closed-loop control in fault conditions. These enhancements are aimed at factoring in non-ideal occurrences in practical drives and phase shifting due to machine loading. Such enhancements will possibly provide the required robustness and safety levels for steer-by-wire systems to be used in mass produced vehicles.
